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We report the realization of a robust and highly controllable two-dimensional (2D) spin-orbit
(SO) coupling with topological non-trivial band structure. By applying a retro-reflected 2D optical
lattice, phase tunable Raman couplings are formed into the anti-symmetric Raman lattice structure,
and generate the 2D SO coupling with precise inversion and C4 symmetries, leading to considerably
enlarged topological regions. The life time of the 2D SO coupled Bose-Einstein condensate reaches
several seconds, which enables the exploring of fine tuning interaction effects. These essential ad-
vantages of the present new realization open the door to explore exotic quantum many-body effects
and non-equilibrium dynamics with novel topology.
Spin-orbit (SO) coupling, as a fundamental quantum
effect, is an essential ingredient in many topological
phases of quantummatter, including the topological insu-
lators [1, 2] and topological semimetals [3–6]. In the field
of ultracold atoms which can offer extremely clean and
controllable platforms for quantum simulation, synthetic
SO coupling schemes were proposed [7–11] via light-atom
interactions which flip atomic spins and transfer momen-
tum simultaneously. The 1D SO coupling has now been
realized routinely in the experiments for both ultracold
bosons [12, 13] and fermions [14, 15] as continuum atom
gases or trapped in optical lattices [16, 17]. Great in-
terests have been drawn in emulating SO effects [18–24]
and topological phases with ultracold atoms [25–38]. In
particular, the simulation of broad classes of topological
quantum states or phase transitions with quantum gases
necessitates to synthesize 2D or higher dimensional SO
couplings.
The 2D SO couplings with nontrivial band topology
were recently realized for 87Rb Bose-Einstein condensate
(BEC) [39] and 40K Fermi gases [40, 41]. However, they
suffer from the instability of optical lattices with long
loop lines [34, 39] or heating with complex Raman cou-
plings between multiple ground states [40, 41]. These
shortcomings make it hard to explore the exotic topo-
logical quantum phases with high precision. Realization
of 2D SO coupled atom gas with high controllability and
long lifetime, which are essential for quantum simulations
of exotic states, are highly desired.
In this Letter, we report on the synthesis of a 2D SO
coupling with high controllability, stability, and long life-
time. The realization is based on a new optical Raman
lattice scheme [42], with the optical instability and heat-
ing in the previous works [39–41] all being overcome. The
2D SO coupling exhibits precise inversion and C4 symme-
tries, which are the key features and bring important new
physics, including a highly resolved crossover between 1D
and 2D SO couplings, a long lifetime of the 2D SO cou-
pled BEC up to several seconds, one order of magnitude
longer than those in Refs. [39–41], the detection with
high precision of the critical transition point from stripe
phase to plane-wave phases [12, 43], and the considerably
broadened topological regions. This work paves the way
for further studies of quantum many-body physics and
quantum non-equilibrium dynamics with novel topology.
The new scheme of the 2D SO coupling [42] with ul-
tracold 87Rb atoms is illustrated in Fig.1(a). The 2D
square lattice Vlatt(x, y) is constructed with two linear
polarized laser beams Ex and Ey (the blue and red lines
in Fig. 1(a)), with wavelength of λ = 787nm (wave vector
k0 = 2pi/λ and recoil energy Er = ~2k20/2m). The beams
pass through λ/2 waveplates to generate two orthogo-
nally polarized components Exz (Eyz) and Exy (Eyx)
before shining on the atoms. The key setting is that
they are retro-reflected back by two mirrors (Rx and Ry)
to form a 2D square lattice, where two λ/4 wave-plates
with optical axis along zˆ direction are placed in front of
the mirrors as the phase retarders to generate pi phase de-
lay between the two orthogonal polarization components.
The 2D lattice potential then reads
Vlatt(x, y) = V0x cos
2 k0x+ V0y cos
2 k0y, (1)
with lattice depth V0x(y) ∝ |Exy(yx)|2−|Exz(yz)|2 [42, 44].
We tune V0x = V0y = V0 to have a symmetric 2D lattice.
The spin up/down states are defined via two magnetic
sub-levels in F = 1 manifold, i.e. |1,−1〉 and |1, 0〉. A bias
magnetic field B of 14.5G is applied in zˆ-direction, giv-
ing a Zeeman split of 10.2MHz. The |1, 1〉 state is effec-
tively suppressed due to the large quadratic Zeeman shift
( ≈ 8.2Er). The Raman couplings are generated by the
orthogonal polarization pairs (Exz, Eyx) and (Exy, Eyz),
respectively, realizing the double-Λ configuration, with
Ω1 = Ω01 sin k0x cos k0y and Ω2 = Ω02 cos k0x sin k0y,
shown in Fig. 1(b). The coupling strength Ω01 ∝
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Figure 1. (a) Experimental setup. The B field along z-axis
generates the Zeeman splitting and the quantization axis of
the atoms. The red and blue lines are lasers to construct
the 2D lattice and Raman couplings. The λ/2-waveplates are
used to generate two orthogonal polarization components of
the lattices. The λ/4-waveplates are phase retarders, which
are applied to form the anti-symmetric Raman coupling lat-
tices. The EOM is applied to tune the relative phase δϕ be-
tween two Raman couplings Ω1 and Ω2. insets: level structure
and Raman coupling scheme. (b) The anti-symmetric struc-
ture of the two Raman couplings Ω1 and Ω2 in real space.
The grid represent the square optical lattice Vlatt(x, y).
|Eyz||Exy| and Ω02 ∝ |Eyx||Exz| [42, 44]. Due to the
anti-symmetric lattice structure, the onsite Raman cou-
pling vanishes. Only in the tunneling, the atoms expe-
rience non-zero coupling strength which causes the spin-
flip Raman diffraction. This is essential for the genera-
tion of non-trivial topological band structure in the 2D
SO coupling system [39, 42]. An electro-optical phase
modulator (EOM) is placed in one of the beam path to
tune the relative phase δϕ between Ω1 and Ω2. The total
Raman coupling term reads
ΩR(x, y) =
(
0 Ω1 + e
iδϕΩ2
Ω∗1 + e
−iδϕΩ∗2 0
)
(2)
We adjust the two λ/2 waveplates to set Ω01 = Ω02 = Ω0
so that ΩR(x, y) satisfies reflective anti-symmetry. An
optimal 2D SO coupling is achieved with δϕ = ±pi/2.
In this scheme, the initial and propagation phases of
the laser beams are static global phases and can be ne-
glected [42, 44]. The total Hamiltonian reads
Hˆ =
p2
2m
+ Vlatt(x, y) + ΩR(x, y) +
δ
2
σz, (3)
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Figure 2. (a) TOF image of the SO coupled BEC with var-
ious phases δϕ. The images with δϕ = −pi, 0 correspond to
1D SO coupling, and those with δϕ = ±pi/2 are for symmet-
ric 2D SO coupling. (b) W versus δϕ. The blue circles are
experimental data, with the error bar for the standard statis-
tical error. The red solid line is the theoretical curve without
fitting. (c) The measured life time τ of 2D SO coupled BEC
with δϕ = pi/2. By fitting with an exponential decay, we ob-
tain the lifetime as τ = 2.52 ± 0.07s (red line), 2.00 ± 0.09s
(green line) and 0.980± 0.05s (blue line).
where m is the atomic mass, δ is the two-photon Ra-
man detuning. It is the realization of a minimal quan-
tum anomalous Hall (QAH) model driven by the SO cou-
pling [34]. Different from the previous realization of 2D
SO coupling [39], this Hamiltonian has the precise inver-
sion and C4 symmetries, which lead to nontrivial physics
as presented below.
Properties of 2D SO coupled BEC. The BEC with
3.0 × 105 87Rb atoms is prepared in |1,−1〉 = | ↑〉 state.
The 2D lattice and Raman coupling beams are ramped
up adiabatically in 80ms, and the BEC is loaded into the
ground state of the Hamiltonian (Eq. 3) with V0 = 4.0Er,
Ω0 = 1.0Er and δ = 0. By manipulating the voltage on
the EOM, we can tune δϕ continuously over 2pi range,
which governs the interference of the Raman couplings
Ω1,2 [44] and leads to the crossover between 1D and 2D
SO couplings. For detection, a time-of-flight (TOF) im-
age is taken after the BEC is free released for 25ms.
A highly resolved crossover between 1D and 2D SO
couplings is observed in Fig. 2(a,b). The major atom
cloud in |↑〉 state stays at momentum (kx, ky) = (0, 0).
The four atom clouds with momenta k = (±k0,±k0)
in diagonal and off-diagonal directions are in |↓〉 state
3diffracted by the Raman coupling term. As shown in
Fig.2(a), the distribution of the four |↓〉 atom clouds
varies versus δϕ, which characterize the interference of
the Raman coupling lattices Ω1 and Ω2. We define
W (δϕ) to quantify this interference by
W (δϕ) =
Nxˆ+yˆ −Nxˆ−yˆ
Nxˆ+yˆ +Nxˆ−yˆ
, (4)
where Nxˆ+yˆ (Nxˆ−yˆ) is the total number of atoms in
the diagonal (off-diagonal) direction, as denoted by red
(yellow) circles in Fig. 2(a), For the 1D SO coupling
with δϕ = pi (0), the Raman diffracted atoms are only
in the diagonal (off-diagonal) direction, and we have
W = −0.96 ± 0.01 (0.95 ± 0.01). For the optimal 2D
SO coupling with δϕ = ±pi/2, the Raman diffracted
atoms are almost evenly distributed, and we obtainW =
−0.11±0.05 and 0.09±0.02. In comparison with Ref. [39],
the quality of Fig. 2(a,b) is significantly improved.
Further, the lifetime of the BEC with 2D SO coupling
(δϕ = pi/2) is measured. After adiabatically loading the
condensate, we measure the normalized number of con-
densate atoms N(t)/N(0) as a function of the holding
time t. The results, shown in Fig. 2(c) for different lattice
depths V0 and Raman coupling strength Ω0, are fitted to
an exponential function e−t/τ . We obtain the lifetime
τ = 0.980± 0.05s for (V0,Ω0) = (4.0, 1.0)Er, 2.00± 0.09s
for (4.0, 2.0)Er, and 2.52 ± 0.07s for (2.0, 0.5)Er. Com-
pared to Refs. [39–41], the lifetime of quantum gas is
enhanced over one order of magnitude.
Ground state phase transition. The high controlla-
bility, stability, and especially the long lifetime of the
present 2D SO coupling, make it feasible to study the
ground state phase transition driven by interaction, for
which the longtime relaxation is essential for the system
to reach the equilibrium [12, 43]. In particular, we mea-
sure the stripe phase (ST) and magnetic phase (MG) of
the ground state for the present 2D SO coupled BEC
(with δϕ = pi/2) [45]. To observe and distinguish the
two phases, the magnetization M0 is defined as [43],
M0 =
N0↑ −N0↓
N0↑ +N0↓
, (5)
where N0↑ (N0↓) represents the number of condensate
atoms in the |↑〉 (|↓〉) state. In this measurement, 106
atoms right above the BEC critical temperature, with
half-and-half spin states, are loaded adiabatically into the
2D SO coupled system with fixed (V0 = 2.0Er, δ = 0) and
variable Ω0. The atoms are further cooled to pure con-
densate in 800ms and held for another 1.5s for relaxing to
equilibrium before detection. Finally, the spin-resolved
TOF image is taken to measure N0↑ and N0↓.
We repeat the measurement hundreds of times at ev-
ery Ω0. Each value of M0 is recorded to obtain the his-
tograms for statistical analysis as shown in Fig. 3(a). For
very small Ω0 (as 0.04Er and 0.02Er), the histogram
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Figure 3. Phase transition of the 2D SO coupled BEC between
the ST and the MG phase. (a) Magnetization histograms
with varying Ω0 for nearly pure condensate. (b)
√〈M20 〉 as
a function of Ω0. The error bars give the standard statistical
errors. The red solid line is an arbitrary fit. The dashed line
shows the theoretical calculation of phase transition point.
of the magnetization shows a single peak centered at
M0 ≈ 0, corresponding to the ST phase. For larger Ω0 (as
0.21Er and 0.37Er), the histogram ofM0 shows two sharp
peaks close to ±1, giving the MG phase [43]. In con-
trast to the ideal thermodynamic case which would ex-
hibit an infinitely sharp transition between the two- and
single-peak structures, the histogram broadens and flat-
tens gradually in the moderate regime (from Ω0 = 0.06Er
to 0.10Er). This is due to the very small energy difference
between the ST and MG states near the phase transition
point, which leads to very long relaxation time to reach
the equilibrium and domains with various sizes may form
during the relaxation (see Supplementary Materials (SM)
for details, which include Ref. [49]).
The phase transition is determined from the turning
point in the plot of
√
〈M20 〉 versus Ω0 (Fig. 3(b)). The fit
gives the critical point as Ωc = 0.08± 0.02Er, consistent
with the theoretical prediction Ωth = 0.09Er [45]. The
experimental determination of Ωc, which is difficult in
Ref. [39], shows the feasibility of the present realization
for exploring many-body effects.
Extended topological region. We proceed to measure
the band topology, with δϕ = pi/2 [42]. The topology of
the s-band can be determined directly by the product of
the signs of the spin-polarizations at the four symmetric
momenta {Λj} = {Γ(0, 0), X1(0, pi), X2(pi, 0),M(pi, pi)}
in the FBZ [46]. At low temperature regime, only the
s-band is effectively populated. The measured spin-
polarization P (q) is dominated by the spin-polarization
in the lowest s-band P0(q). Then we have
Θ = Π4j=1sgn[P (Λj)], (6)
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Figure 4. Topological phase diagram of the lowest band. The
regions I and IV are trivial with the Chern number C(0)1 = 0.
The areas II and III are topological non-trivial with C(0)1 =
±1, respectively. The black solid lines are the topological
phase boundaries in the present scheme, and the gray dash-
dot lines are that of asymmetric Raman coupling in Ref. [39].
The circles with statistical error bars are the phase boundaries
measured in the experiment. (a) δ−V0 plane with Ω0 = 0.5Er.
(b) δ−Ω0 plane with V0 = 4.0Er. The measurements deviate
from the calculation at small V0 and large Ω0, due to the
higher band and heating effects. Insets: by considering the
thermal effect and removing the high-band contribution from
the experimental data, the phase boundaries are found to be
fit to the theoretical calculation.
with the topologically trivial and non-trivial phases cor-
responding to Θ = 1 and −1, respectively [46]. The
Chern number of the lowest band is then obtained as
C(0)1 = −
1−Θ
4
4∑
j=1
sgn[P (Λj)]. (7)
In the experiment, about 2.0 × 105 thermal atoms at
temperature 100nK are filled into the lowest band, with
the higher band population being relatively small. The
spin-resolved TOF imaging measures the atom densities
at spin-up (n↑(q)) and spin-down (n↓(q)) in momentum
space. The spin-polarization at quasi-momentum q is
obtained as P (q) = [n↑(q) -n↓(q)]/[n↑(q) + n↓(q)]. By
varying δ, we take each of the P (Λj) to calculate Θ(δ)
and obtain the topological phase boundary (see the SM
for details). The experimental results (circles) and nu-
merical simulation (solid lines) are shown in Fig. 4, for
the δ-V0 plane with fixed Ω0 = 0.5Er [for (a)] and for the
δ-Ω0 plane with fixed V0 = 4.0Er [for (b)]. The regions
II and III (I and IV) are for topological (trivial) bands
with C(0)1 = ±1 (C(0)1 = 0). The Chern number changes
sign when δ crosses zero. The topological region extends
to the limit V0 → 0 (a) and Ω0 →∞ (b), as predicted in
Ref. [42]. This is in sharp contrast to the case without C4
symmetry [39? ] V c0 ≈ 0.46Er and Ωc0 ≈ 3.6Er, respec-
tively. The broad topological region with weak lattice
limit V0 → 0 can enable to explore topological physics in
nearly continuous regimes.
The directly measured phase boundaries in Fig. 4 are
narrower than those predicted in theory for the follow-
ing two reasons. First, as V0 decreases and/or Ω0 in-
creases, the system gradually deviates from the tight-
binding condition. The high-band effect suppresses the
net magnitudes of spin-polarizations P (Λj) at symmetric
momenta. Second, the heating becomes serious for large
Ω0 (e.g. for Ω0 = 4.65Er, the temperature of the atoms
increases from 100nK to nearly 300nK). These effects re-
duce the resolution of s-band spin-polarization due to the
high-band population. Subtracting such high-band con-
tribution from the measured total spin-polarization we
can obtain the spin-polarization contributed only from
the lowest-band states (see the SM for details). We then
recalculate the topological index and find that the re-
sults agree well with the numerical solution (the insets of
Fig.4).
In conclusion, we have synthesized a highly control-
lable and robust 2D SO coupling for quantum gases via
an anti-symmetric Raman lattice scheme. It exhibits pre-
cise inversion and C4 symmetries. The lifetime of the
2D SO coupled BEC reaches several seconds, which en-
able us to study the delicate interaction-driven ground
state phase transition where long time relaxation is re-
quired. Further, the precise symmetries qualitatively en-
large the topological region in the phase diagram, and
leads to topological bands with arbitrary Raman cou-
pling strength and lattice depth. Moreover, the present
scheme can be also applied to other Bosonic or Fermionic
quantum gases systems. As for 40K, the estimated heat-
ing is about 5 times larger than that of 87Rb, giving a
life time of hundreds of milliseconds (see SM which in-
clude Ref. [50]). It is thus expected that rich quantum
many-body phenomena with non-trivial topology can be
also studied in 2D SO coupled fermionic systems. The
high controllability and stability of the 2D SO coupling
open intriguing opportunities to explore novel topolog-
ical quantum effects and far-from-equilibrium quantum
dynamics with topology.
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